Study Design: Retrospective case series with prospective arm. Purpose: To assess the safety and accuracy of percutaneous lumbosacral pedicle screw placement (PLPSP) in the lumbosacral spine using intraoperative dual-planar fluoroscopy (DPF). Overview of Literature: There are several techniques available for achieving consistent, safe, and accurate results with PLPSP. There is a paucity of literature describing the beneficial operative, economic, and clinical outcomes of DPF, the most readily accessible image guidance system. Methods: From 2004 to 2014, 451 consecutive patients underwent PLPSP using DPF, for a total of 2,345 screw placement. The results of prospectively obtained postoperative computed tomography (CT) examinations of an additional 41 consecutive patients were compared with the results of 104 CT examinations obtained postoperatively due to clinical symptomatology; these results were interpreted by three reviewers. The rates of revision indicated by misplaced screws with consistent clinical symptomatology were compared between groups. Pedicle screw placement was graded according to 2-mm increments in medial pedicle wall breach and measurement of screw axis placement. Results: Seven of the 2,345 pedicle screws placed percutaneously with the use of the dual-planar fluoroscopic technique required revision because of a symptomatic misplaced screw, for a screw revision rate of 0.3%. There were no statistically significant demographic differences between patients who had screws revised and those who did not. All screws registered greater than 10 mA on electromyographic stimulation. In the 41 prospectively obtained CT examinations, one out of 141 screws (0.7%) was revised due to pedicle wall breach; whereas among the 104 patients with 352 screws, three screws were revised (0.9%). Conclusions: DPF is an extremely accurate, safe, and reproducible technique for placement of percutaneous pedicle screws and is a readily available and cost-effective alternative to CT-guided pedicle screw placement techniques. Postoperative CT evaluation is not necessary with PLPSP unless the patient is symptomatic. Acceptable electromyographic thresholds may need to be reevaluated.
Introduction
Percutaneous lumbosacral pedicle screw placement (PLP-SP), which has a variety of applications and indications, has become a popular and commonly used technique [1] [2] [3] . Despite the popularity of the technique, few large studies have objectively described its safety and accuracy in the clinical setting pertaining to the lumbosacral spine [4] . Though rare, misplaced pedicle screws have been thought to have devastating clinical consequences. Although pedicle screw placement and its efficacy have been thoroughly described, the clinical safety profile of the percutaneous technique has been largely empirical and differs according to the technique and equipment used by the investigating surgeon.
Computed tomography (CT) is considered the gold standard for assessment of pedicle screw placement [5, 6] . Several trials have utilized CT with two-and threedimensional (2D and 3D) reconstructions to assess the accuracy of screw placement [6, 7] . Over the past decade, new technologies have provided alternative techniques to improve the accuracy of pedicle screw placement with open and percutaneous techniques, including robotassisted, isocentric C-arm 3D fluoroscopic guidance, computer CT navigational software, electromagneticbased navigation software, and patient-specific templating [8] [9] [10] [11] [12] . These imaging guidance systems report accuracy of placement in the high 90th percentiles without pedicle wall breach. However, cost and availability are limiting factors for many hospital systems and investigating surgeons. Compared with other imaging guidance systems, dual fluoroscopy remains a readily available technology that potentially offers decreased cost and intraoperative time.
This study, conducted at a single institution, aimed to describe the safety profile of percutaneous pedicle screw placement systems using standard dual-planar 2D fluoroscopic imaging in the lumbosacral spine. Secondarily, we aimed to quantify our clinical experience with our radiographic data to formulate an overall accuracy rate of screw placement performed using our technique.
Materials and Methods
Approval of the Institutional Review Board of St. Jo seph's Regional Medical Center was obtained for conducting this study (IRB approval no., PR#08-034). Analysis of a single institution's database from 2004 to 2014 yielded 451 consecutive cases which were retrospectively reviewed; the patients had undergone underwent anterior, lateral, or minimally invasive transforaminal lumbar interbody fusion (m-TLIF) or traumatic fixation with PLPSP. Percutaneous screws were placed in the lumbosacral spine to provide rigid stabilization support for anterior and lateral interbody fusion. The results from patients with screws that were revised due to persistent clinical symptomatology were compared with the results from patients whose screws were not revised. The groups underwent risk factor analysis, including American Society of Anesthesiologists Physical Status Classification System (ASA grade) grading and recording of complications. Statistical analyses, including calculation of p-values, were performed using Student t-test for mean values and Fisher's exact test for categorical variables.
All surgical procedures were performed at a single institution. The indications for surgery included degenerative disc disease, post-laminectomy syndrome/recurrent herniated nucleus pulposus, spondylolisthesis, and traumatic fracture and instability. Patients for whom complete medical records and radiographs were available were included in the final analysis.
CT studies of the lumbosacral spine were obtained prospectively from 41 consecutive patients for whom a total of 141 screws were placed. Upon retrospective review of (Fig. 1) , were compared between prospective and retrospective groups. The prospective group was then discontinued as there was no statistically significant difference between the groups in the rate of revision (0.7% in the prospective group and 0.9% in the retrospective group, p=1.000), which was indicated by a confirmed misplaced screw with corresponding clinical symptomatology. All CT examinations (41 in the prospective group, 104 in the retrospective group) were evaluated independently by two fellowship-trained orthopedic spine surgeons and a fellowship-trained neuroradiologist. Each reviewer graded pedicle screw placement according to three criteria: dichotomous placement within the cortical confines of pedicle walls, wall breach increments (<2 mm or <4 mm), and the placement of pedicle screw central axis within the cortical confines of the pedicle wall. Statistical analysis was performed using Fleiss's unweighted κ-coefficient to describe interobserver reliability. The reviewers were blinded to each other's results. The results of the review and analysis (according to level) are shown in Fig. 1 .
For the surgery, the patient was placed in the prone position on a radiolucent Jackson frame. One or two fluoroscopic C-arm imaging machines were utilized under direct anterior-posterior (A/P) images of the pedicles and positioned in the direct lateral image (Fig. 2) . The approximate screw trajectory was estimated with an 18-gauge spinal needle. A stab incision 1 to 2 cm in length was made in the skin. A Jamshidi needle was then placed transmuscularly to a starting point at the junction of the transverse process and the lateral border of the facet joint. Confirmation of needle placement at the lateral wall of the pedicle was obtained with the A/P view, and the needle was advanced to the medial pedicle wall, and its trajectory into the vertebral body was seen on the lateral projection. American Society of Anesthesiologists Physical Status Classification System grade.
The needle was incrementally advanced down the pedicle, and serial fluoroscopic images confirmed placement within the pedicle walls. Once placement within the vertebral body was confirmed on both images, a guidewire was introduced through the cannulated trocar, which was then removed.
The incision was then dilated with a series of tubes for introduction of pedicle preparation tools. Over the guidewire, the cortex was prepared with an awl and the pedicle was tapped. Proper placement of the tap was confirmed by fluoroscopic imaging. The tap was then tested to ensure that electromyographic (EMG) thresholds had been adequately maintained. The appropriately measured cannulated screw was then passed over the guidewire into the desired location. The placement was once again verified by dual imaging. The tap and the screw were then checked individually with electrically elicited, triggered EMG for possible pedicle wall breach. The intersegmental rods were then passed percutaneously through the most proximal incision, and each screw was capped through the respective incision site. Final images confirmed the placement of the instrumentation.
Results
A total of 451 consecutive patients had PLPSP placed in the lumbosacral region with the use of the dual-planar fluoroscopic placement technique. Complete medical records, operative reports, clinical notes, and radiographs were available for all 451 patients (2,345 screws). The demographic characteristics of patients who had a screw revised after suffering postoperative radiculopathy secondary to pedicle wall breach were compared with those of patients who did not have a screw revised.
In total, there were 257 women and 194 men aged between 23 and 76 years, with a mean age of 56 (standard deviation=8.4) years. Of these, 164 patients underwent augmentation with m-TLIF (36.4%), 195 with anterior lumbar interbody fusion (ALIF, 43.2%), 60 with lateral lumbar interbody fusion (LLIF, 13.3%), and 32 with internal fixation of traumatic instability (7.1%), for a total of 2,345 screws. Table 2 shows the demographic characteristics of the overall population, of those who underwent revision due to symptomatic pedicle wall breach of screws, and of those who did not undergo revision. There were no differences between the cohorts in terms of sex ratio, operative indication, type of surgery, body mass index, ASA grade, and mean age at the time of surgery. The overall rate of revisions for patients who returned to the operating room for any complication was 7.5% (n=34). Seven screws were revised in seven patients (1.6%), for a 0.3% revision rate per screw placed; one patient returned to the operating room after rod disengagement; 20 patients underwent revision surgery for symptomatic adjacent segment degeneration; two patients underwent revision surgery for instrumentation failure or hardware prominence; one patient had a surgical site infection that was treated with surgical washout and intravenous antibiotics; one patient had a headache due to incidental durotomy, which self-resolved; and one patient had a postoperative hematoma. All patients achieved good functional and clinical outcomes. Table 1 shows the results of statistical analysis and comparison between patients of the prospective and retrospective groups. They were compared according to the rate of revision surgery, indicated by a confirmed misplaced screw with corresponding clinical symptomatology. In the 41 consecutive patients with prospectively obtained CT examinations, a total of 141 screws were placed, with only one revision (0.7%) indicated by a confirmed misplaced screw with corresponding clinical symptomatology. In the 104 patients for whom CT images were available for review in the retrospective group, three screws required revision (0.9%), indicated by a confirmed misplaced screw with corresponding clinical symptomatology. The prospective group was then discontinued, as there was no statistically significant difference between the groups in the rate of revision. Fig. 1 shows the accuracy of placement according to level. No statistically significant differences were found between levels in accuracy rate. Two screws with axis breach were placed in the S1 pedicle (one on the right side and the other on the left), and another was placed on the left side of L5.
Discussion
The utility of pedicle screws has been well described for a variety of surgical indications [7, [13] [14] [15] . Numerous techniques and approaches for placement of pedicle screws in the lumbosacral spine have also been described. Although Magerl [16] described percutaneous placement of pedicle screws for the purpose of securing an external spinal fixator for the treatment of spinal instability in the setting of acute trauma or osteomyelitis in 1977, systems have been developed for the broad employment of their usage only recently. There are a variety of factors, such as demonstrated accuracy, cost, availability, exposure of the patient and personnel to radiation, setup time, and intraoperative time, which are unique to each technique; these factors must be weighed by the surgeon before deciding on the most appropriate choice for a patient. Utilizing dualplanar fluoroscopic imaging simultaneously in the lateral and A/P positions is one option that we describe here as safe, accurate, readily available, requiring minimal setup time and possibly cost-effective, with less exposure of the patient, surgeon, and staff to radiation than in intraoperative CT.
Although the popularity of percutaneous placement systems has risen, clinical safety data describing placement in the lumbar spine have come largely from pilot studies and are sparse, partially because of variation in techniques and implementation systems. Patients in this data set underwent ALIF, LLIF, m-TLIF, or fixation of traumatic instability with the use of dual-planar fluoroscopic visualization with adequate EMG threshold confirmation. To our knowledge, our study is the largest systematic clinical analysis at a single institution of percutaneously placed lumbosacral pedicle screws utilizing dual-planar fluoroscopy, the most readily available technique.
Historically, the primary safety concerns with pedicle screw placement have been complications related to rare neurologic or vascular injuries [15] . Anteriorly misplaced screws can have potentially severe complications due to penetration of vascular, visceral, ureteral, sympathetic, and neural structures by the screws [17] . Neurological injury is suspected in association with medial or inferior pedicle wall breach, although the severity of such injuries has not been clearly demonstrated [3, 14, 17] . No significant complications related to screw malpositioning, other than persistent radiculopathy, were observed in this series.
Today, CT is regarded as the "gold standard" for evalu-ating the accuracy of pedicle screw placement, revealing 10 times more medial wall perforations than standard radiographs. However, the criteria for accuracy of measurements vary in the literature, ranging from encroachment of the pedicle wall to millimeters of breach [2, 10, [18] [19] [20] . A break >6 mm suggests a high likelihood of correlated neurologic injury [7, 13] . Despite variation in the accuracy of placement due to differences in grading criteria, metaanalyses in 2007 and 2015 found accuracy rates of 91.3% and 91.4%, respectively [2, 4] . Overall, our measured accuracy rate of 93.1% of screws confirmed by CT scan without breach falls within the range of previously published data and validates the efficacy of utilizing dual-planar fluoroscopy in conjunction with EMG thresholds [21, 22] . Central screw axis has previously been described as a grading criterion in the lumbosacral spine in order to determine a clinically relevant grading system [23] . In our initial CT-driven series, 493 pedicle screws were placed. Our study design aimed to detect any differences in the accuracy of screw placement between a retrospective group of patients who had had CT imaging studies performed to detect sources of persistent postoperative pain and a prospective group of patients with CT images obtained as part of routine protocol. Our results indicated no significant differences between the groups in the accuracy rates according to each of the grading criteria. Four patients had radicular symptoms postoperatively that were demonstrated to correlate with CT images demonstrating medial pedicle wall breach. These four patients had complete screw axis breach of the medial pedicle wall, and all complained of radicular symptoms that anatomically correlated with postoperative CT imaging. Each of these patients had >4 mm of medial pedicle wall breach. None of the remaining screws with medial wall breach <4 mm were placed in patients who had radicular symptoms that were anatomically correlated with instrument placement. Thus, 0.8% of screws placed had radiographic images that were shown to cause clinical symptoms. No screws were associated with clinically significant vascular injury.
Additionally, our purely retrospective series included 2,304 screws, of which only six were revised due to symptomatic medial pedicle wall breach, for a screw accuracy rate of 99.7%. It should be noted that three of these screws were revised during the first 3 years of the study and the remaining three were revised during the final 7 years, which supports the technical learning curve hypothesis previously described in the literature [6, 20, 24] . This level of accuracy rivals that obtained with the newest and most advanced navigational software, robotic-assisted instrumentation, and patient-specific templating. The system remains readily available to most surgeons in the community, has minimal preoperative setup time, is costeffective, and has reduced radiation exposure compared with intraoperative CT-guided three-dimensional systems [9, 12, 25, 26] . A recent study done at a level 1 trauma center directly compared more than 2,000 pedicle screws placed with the use of a conventional open technique with single fluoroscopic guidance or placed with a computernavigated placement system and found no increase in accuracy or safety in the computer-navigated group [27] .
Analysis of patients examined by CT according to the level of screw placement found no statistically significant differences between levels in placement accuracy rates. Of the four screws in the initial study that correlated with radicular pain, two were placed at the S1 level and two at the L5 level; three of the patients were in the retrospectively analyzed group and the other patient was in the prospectively analyzed group. In our sampling, there was a large predilection for the L4, L5, and S1 levels, which had a strong correlation with our population's primary diagnoses. In a study in 2014 by Smith et al. [28] , both symptomatic pedicle wall breaches were found in the L5 segment, whereas L3 had the highest overall rate of breach. In 2015, Chiu et al. [29] showed that greater caution must be taken during the insertion of L5 and S1 percutaneous pedicle screws because of the more angulated pedicles of these segments, the anatomical variations in their vertebral bodies, and the morphology of the spinal canal at this location. Finally, the patient's body habitus and excessive posterior lumbar subcutaneous adipose tissue greatly affect the placement angle. A limitation of the present study of technical concerns regarding placement and EMG values was the patients' obesity status.
EMG threshold values for acceptable screw placement have been established for open pedicle screw placement [11, 30] . Proper technique and interpretation of results allow for early repositioning and verification of the correct trajectory. No standardized threshold protocol has been established for PLPSP due to the disbursement of current via conductive soft tissues secondary to the use of insulation instrumentation [21] . Part of our screw placement protocol included the placement of both the (metal) tap and each screw itself. The two screws revised from the initial study were noted to have values acceptable (<12 mA) for the standard open techniques; however, both patients were symptomatic, and CT scan revealed screw axis breach of the medial pedicle wall. Both patients had improved symptoms after revision of screw placement. This suggests that perhaps the EMG threshold criteria for percutaneous placement should be reevaluated. In 2006, Ozgur et al. [22] reported using a threshold of 10 mA to dictate repositioning, with satisfactory results.
To the best of our knowledge, this study is the largest systematic clinical analysis of percutaneously placed lumbosacral pedicle screws utilizing this readily available technique. Although empirical data can be extrapolated from previous studies to support the safety of this technique, our study quantifies the clinical safety profile in one institution's experience. It also adds to the argument that screw axis breach is associated with a significant correlation between radiographic imaging and patient symptoms. Finally, our findings raise the question of the application of EMG thresholds used for open placement of screws and whether or not these values are applicable to percutaneous techniques.
Conclusions
PLPSP using intraoperative dual-planar fluoroscopy is a safe technique with low rates of complication and revision. Routine postoperative CT is not necessary to ensure safe screw placement in asymptomatic patients. With percutaneously measured EMG potentials, screw placement may not correlate with previously described thresholds.
